
JOURNAL OF VIROLOGY, Apr. 2005, p. 4838–4847 Vol. 79, No. 8
0022-538X/05/$08.00�0 doi:10.1128/JVI.79.8.4838–4847.2005

Constitutive Expression of Alpha Interferon by Skin Dendritic Cells
Confers Resistance to Infection by Foot-and-Mouth Disease Virus

Elida M. Bautista, Geoffrey S. Ferman, Douglas Gregg, Mario C. S. Brum,
Marvin J. Grubman, and William T. Golde*

Foot-and-Mouth Disease Research Unit, Plum Island Animal Disease Center, ARS, U.S. Department of
Agriculture, Greenport, New York

Received 15 June 2004/Accepted 19 November 2004

The role of dendritic cells (DC) in the initiation of immune responses against foot-and-mouth disease virus
(FMDV) is poorly understood. We analyzed the innate response of freshly isolated swine skin DC to the virus
and show a rapid induction of beta interferon (IFN-�) mRNA but not IFN-� mRNA. However, these DC
secreted both IFN-� and IFN-� proteins in response to live virus but not killed virus. Furthermore, the surface
expression of swine major histocompatibility complex class II (SLA II) or CD80/CD86 molecules and antigen
processing functions were not affected by FMDV exposure. Given the demonstrated sensitivity of FMDV to
IFN-�/�, there was no productive or nonproductive infection of these cells. Finally, freshly isolated skin DC
constitutively expressed intracellular IFN-� protein in the absence of stimulation, with no detectable secretion
of the cytokine until virus exposure. In situ analysis of these DC showed that these cells express and store
IFN-� in uninfected animals. This is the first demonstration of the constitutive expression of IFN-� in resident,
tissue-derived DC and indicates that skin DC can play an important role in the innate immune response of
swine to viral infections.

Foot-and-mouth disease virus (FMDV) causes a highly con-
tagious vesicular disease in cloven-hoofed animals and is an
economically important pathogen for the livestock industry.
The devastation that can be caused by an FMD outbreak was
recently demonstrated by the 2001 outbreak in the United
Kingdom (18, 19, 26). That epidemic and the continuing report
of outbreaks of this disease in other countries underscore the
need for the development of more efficient vaccines and treat-
ments that safely prevent FMDV dissemination.

Relatively little is known about the immune response to the
virus in susceptible species, especially the early stages of the
immune response. The virus targets epidermal cells expressing
cellular receptors, which are all integrins (6, 22, 39), spreading
from the initial site of infection via the blood. Levels of viremia
peak between 2 and 3 days after infection, and there is a rapid
development of antibodies correlating with viral clearance.
Consistent with this, the presence of neutralizing antibodies
correlates with protection against reinfection and is believed to
be the important effector function in vaccinated animals (31,
33, 52). However, the role of innate and cellular immune re-
sponses in the protection induced by vaccines is not under-
stood.

Recent studies have shown that alpha/beta interferon (IFN-
�/�) may have an important role in the outcome of FMDV
infection (10, 11, 63). Cells that are normally permissive for
FMDV infection become resistant to productive virus replica-
tion upon stimulation with either IFN-� or IFN-� (10, 63).
Similarly, in vivo inoculation of a recombinant adenovirus ex-
pressing the porcine IFN-� gene induced rapid protection
against FMDV infection in swine (10) and significantly re-

duced the pathogenesis of FMDV in cattle (63). In vitro stud-
ies have shown that FMDV has evolved a mechanism to inhibit
IFN-�/� responses (10) by blocking cap-dependent cellular
protein synthesis as a result of the cleavage of the eukaryotic
translation initiation factor eIF-4G mediated by the viral
leader proteinase (14, 34, 43, 44, 48). In addition, our previous
studies demonstrated that FMDV induces a transient lym-
phopenia and negatively modulates peripheral T-cell responses
(3). These data suggest that FMDV evades both innate and
adaptive immune responses during the critical acute phase of
infection, when maximal virus shedding is observed.

Previous studies suggested that epidermal dendritic cells
(DC) of swine (20) and cattle (13) may be susceptible to
FMDV infection and that DC have a potential role in the
establishment of FMDV infection in these species. Epidermal
DC have been shown to be highly phagocytic, and upon anti-
gen exposure, they migrate to the lymph nodes, where they
induce primary T-cell responses (2). In previous studies, we
characterized a cell population isolated from porcine skin ex-
plants by its migratory and low-density properties (4, 20). We
demonstrated that this highly enriched population has all the
phenotypic and functional characteristics of activated DC. Spe-
cifically, this DC population was shown to induce primary
allogeneic T-cell responses in vitro and could be identified by
the consistent coexpression of CD1 and SWC3a markers (4).
These cells express high densities of SLA-II and CD80/CD86
and can process and present antigens.

The pathogenesis of FMDV infection has been studied by
the use of attenuated leaderless virus variants derived from the
A12 strain (LLA12). These variants lack the leader protease,
which plays a key role in down-regulating host protein synthe-
sis (10, 43). With LLA12-infected animals, no systemic spread
of virus, no disseminated lesions, and viral clearance prior to
the appearance of neutralizing antibodies were demonstrated
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(8). These results suggest a potential role of innate immunity in
clearing infection in FMDV-infected animals. Given that the
primary sites of FMDV infection are the skin and mucosal
surfaces, understanding the role of DC in these tissues in the
outcome of FMDV infection is critical for the development of
strategies to prevent and control this important disease.

Studies with human and mouse systems have demonstrated
the important role of DC in linking the innate and adaptive
immune responses (42), and IFN-� plays a key role in this
function (23, 24, 27). We initiated studies designed to under-
stand the role of epidermal DC in innate immunity and the
initiation of adaptive immune responses to FMDV infection in
swine and analyzed the interaction of FDMV with skin-derived
DC, testing opposing hypotheses. Specifically, either DC are
infected by FMDV and mediate immune pathology by blocking
proinflammatory responses and interfering with T-cell immu-
nity or DC respond to virus exposure by initiating innate and
adaptive immune responses and blocking virus spread. We
determined that the exposure of skin DC to virulent or atten-
uated FMDV showed no evidence of infection and had no
effect on the phagocytic activity or expression of SLA-II and
the costimulatory molecules CD80/CD86 by DC. Furthermore,
DC had vigorous IFN-� and � responses to an in vitro FMDV
exposure, making these cells refractory to FMDV replication,
a result which was due not only to a rapid induction of IFN-�
expression but also to constitutive expression of IFN-�.

MATERIALS AND METHODS

Animals. The animals used for this study were conventionally reared pigs
obtained from a commercial farm that was free of specific pathogens. Animals
were housed in the biocontainment level 3 isolation facilities of Plum Island
Animal Disease Center and were cared for according to the procedures of the
Institutional Animal Use and Care Committee. The pigs were maintained for
several weeks or few months prior to euthanasia, at which time they were
approximately 5 to 6 months old and completely healthy, with no signs of any skin
disease condition.

Viruses. The viruses used for this study comprised the following strains of
FMDV: A24 (49), O Taiwan 1997 (17, 61), infectious clone A12 (A12-IC) (47),
attenuated leaderless strain LLA12 (43), O-Manisa (53), O1 Campos (51), and
the attenuated heparin-binding O1 Campos variant vCRM4 (51). Virus stocks
used for in vitro exposure to DC were prepared by propagation on BHK-21 cells.
The infectious FMDV strains A24, O Taiwan, O1 Campos, and A12-IC were
purified by sucrose gradient centrifugation. The LLA12, O Manisa, and vCRM4
strains were used as culture fluid supernatants. Inactivation of purified viruses
was done by exposure to a germicidal UV lamp.

Medium and cells. Skin-derived DC were isolated based on their migratory
and low-density properties as previously described (4). Briefly, DC that migrated
out of skin explants after overnight culture were purified by density centrifuga-
tion, washed, and suspended in a culture medium consisting of RPMI-1640
supplemented with antibiotics, L-glutamine, and 10% fetal bovine serum. The
percentage of DC based on costaining for CD1 and SWC3a (pSIRP, CD172) in
the low-density cell population was in the range of 70 to 85%, consistent with our
previous report (4). Pulmonary alveolar macrophages (�95% CD1� SWC3a�)
and peripheral blood mononuclear cells were collected from the same swine as
described elsewhere (5).

In vitro FMDV exposure and sample collection. To determine the effect of
FMDV exposure on DC function, we cultured isolated cells in suspension at 106

cells/ml and exposed them to the indicated FMDV strain at a multiplicity of
infection (MOI) of 1 for 1 h (virus adsorption), after which they were washed and
resuspended in complete medium. Cells from the first time point, 0 h, were
immediately centrifuged at 400 � g for 10 min and then processed as described
below for cell staining, RNA isolation, or isolation of live virus. Later samples
were harvested at the indicated time points, centrifuged at 400 � g for 10 min,
and processed as indicated. Culture supernatants were collected in separate
tubes for analyses of cytokine secretion. Cells were immediately analyzed by flow
cytometry for costimulatory surface molecules, mounted on microscope slides by

use of a Cytospin3 centrifuge (Shandon Lipshaw, Pittsburgh, Pa.) and fixed with
acetone for immunostaining, or collected in TRIZOL reagent (Invitrogen, Carls-
bad, Calif.) for RNA isolation. All supernatant, cytospin, and TRIZOL samples
were stored at �70°C until analysis.

Analysis of virus replication in DC. To determine whether skin DC support
FMDV replication, we incubated cells for 1 h with the virus at an MOI of 2 at
37°C in a 5% CO2 incubator. After virus adsorption, the cells were washed and
subjected to a brief mild acid treatment to remove the virus inoculum. This
treatment was performed by incubating cells with morpholineethanesulfonic acid
(MES), pH 5.5, on ice for 1 min, after which the cells were washed, resuspended
in medium, and either collected immediately at time zero or cultured in fresh
complete medium for 3 or 24 h. Culture supernatants were collected and ana-
lyzed for virus progeny by plaque titration on BHK cells. Cells were collected in
TRIZOL for RNA isolation and an analysis of viral RNA levels by real-time
PCR as previously described (41, 46). Virus replication was also assessed by
immunoprecipitation analysis with a bovine polyclonal anti-FMDV serum which
reacts with all structural and nonstructural proteins of FMDV, as previously
described (31). Briefly, cells were exposed to virus for 2 h, starved for 30 min
(incubated in medium lacking methionine), and then incubated overnight in
medium containing reduced methionine and 35S-labeled methionine. Cell lysates
were prepared and immunoprecipitated with the polyclonal bovine antiserum,
and samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and autoradiography.

Flow cytometry analysis. To determine the effect of FMDV on the expression
of costimulatory molecules on DC, we stained cells with the 05h2-18-1 (Pharm-
ingen, San Diego, Calif.) or hCTLA-4-mFc (Ancell, Bayport, Minn.) monoclonal
antibody to detect the expression of the SLA-II and CD80/86 markers, respec-
tively. Background levels of fluorescence were determined by staining with the
corresponding isotype controls. Flow cytometry analysis was performed by use of
a FACSCalibur flow cytometer with Cell Quest software (Becton Dickinson, San
Jose, Calif.). Data are expressed as mean fluorescent intensities (MFI) after
subtraction of the background levels.

Phagocytosis and antigen-processing analysis. The effect of FMDV on the
phagocytic and antigen-processing functions of DC was tested by analyzing the
uptake and processing of DQ-ovalbumin (Molecular Probes Inc., Eugene, Oreg.)
as previously described (4). Briefly, cells were incubated in the presence or
absence of the virus at an MOI of 1 for 2 h at 37°C prior to the assay. The cells
were then chilled on ice and exposed to DQ-ovalbumin, after which a set of
samples were transferred to 37°C and incubated for 2 h. Background fluores-
cence was determined from samples that were incubated on ice for 2 h in the
presence of DQ-ovalbumin. After the 2-h incubation, the samples were washed,
fixed with 2% formaldehyde, and analyzed by flow cytometry. The specific MFI
for each sample was calculated by subtracting the background MFI of the cor-
responding 4°C samples from the MFI of the 37°C samples. Data are expressed
as arbitrary units relative to the specific MFI of medium control (MC) samples
at 37°C. To assess whether FMDV exposure had a significant effect on the uptake
and processing of DQ-ovalbumin or on costimulatory molecule expression, we
subjected the data to analysis of variance.

Real-time PCR analysis. The isolation of total cellular RNA was performed
according to the recommendations of the TRIZOL reagent manufacturer (In-
vitrogen). Prior to cDNA synthesis, approximately 1 �g of total RNA was treated
with DNase (Sigma, St. Louis, Mo.) as directed by the manufacturer. The syn-
thesis of cDNA was performed with 100 U of Moloney murine leukemia virus
reverse transcriptase (Invitrogen) in 25-�l reaction mixtures containing 5 �g of
random hexamers/ml, a 600 nM concentration of each deoxynucleoside triphos-
phate, and 1 U of RNase inhibitor/�l by standard procedures.

The primers and TaqMan minor groove binding probes were designed with
Primer Express software, version 1.5 (Applied Biosystems, Foster City, Calif.),
based on sequences available in GenBank and following the criteria recom-
mended by Applied Biosystems. In addition, when possible, primers for cytokine
analysis were selected to amplify a DNA segment to which the probe annealed
with sequences comprising two exons. The exon-intron boundaries were deter-
mined based on available sequence information or were predicted based on
alignments with related genomic cytokine sequences available for humans or
other species. Primers and probes for FMDV RNA analysis were developed for
a pen-side diagnostic assay of the conserved 5� untranslated region, which allows
the quantitative measure of viral RNAs for various FMDV serotypes, as previ-
ously described (41, 46). Using this assay, we could detect 1 to 100 viral genomes
in a clinical sample (9). Primers were purchased from Invitrogen, and 6-carboxy-
fluorescein-labeled TaqMan minor groove binding probes were purchased from
Applied Biosystems. Table 1 shows the sequences of the primers and probes used
for this study, the accession numbers from which the sequences were derived,
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and the optimized concentrations of primers and probes used for real-time PCR
analysis.

TaqMan real-time PCRs were performed by use of the ABI Prism 7700
sequence detection system (Applied Biosystems). Approximately 10 ng of cDNA
(RNA equivalent) per 25-�l reaction was tested in duplicate or triplicate, with
optimized concentrations of primers and probe and with TaqMan universal PCR
master mix (Applied Biosystems), according to the standard protocol recom-
mended by the manufacturer. The level of cytokine mRNA expression was
determined by the comparative cycle threshold (CT) method (User bulletin no.
2, Applied Biosystems), with the 18S rRNA gene used as an endogenous refer-
ence to normalize the data for each sample. The relative mRNA expression for
each cytokine tested in the virus-stimulated cells was expressed in arbitrary units
relative to the levels obtained in the unstimulated samples.

To determine the copy numbers of transcripts per nanogram of total cellular
RNA, we prepared standards for the quantitation of IFN-� and IFN-�. The
RNA standards were prepared by in vitro transcription, with plasmids that were
cloned to contain the complete coding sequences of the porcine IFNs (pIFNs)
used as templates. The plasmid containing pIFN-�, KSpIFNA7.6, was digested
with BamHI and transcribed with T3 polymerase. The plasmid containing IFN-�
(PCI.porB1.4) was also digested with BamHI and was transcribed with T7 poly-
merase. In vitro transcription was performed according to protocols established
by the Megascript kit manufacturer (Ambion, Austin, Tex.). The in vitro-tran-
scribed RNAs were purified, and 50 ng was used to generate cDNA. The num-
bers of RNA molecules were calculated based on the nucleotide sequences of the
transcripts. Tenfold serial dilutions of cDNA, corresponding to 106 to 1 mole-
cules, were included in each plate as standards to calculate the number of IFN
mRNA copies present in each sample tested in the same assay. The quantity of
the total cellular RNA was determined based on a standard curve obtained for
18S rRNA by the use of 10-fold serial dilutions (corresponding to 106 to 1 fg) of
a standard total cellular RNA which were included in each assay plate. The
efficiency of amplification was similar for all of the cytokine genes included in this
study, as determined by a �0.1 difference in the slopes of the curves obtained.
Data for IFNs were expressed as numbers of mRNA transcripts per nanogram of
total cellular RNA.

Analysis of IFN-� and -� secretion. The secretion of IFN-� and -� by DC was
evaluated by determining the biological activity of the IFNs and by measuring the
levels of protein in the culture supernatants. The biological activity of IFNs was
determined by a 50% plaque reduction of A12-IC in IBRS-2 cells (10, 37). The
levels of IFN proteins were measured by enzyme-linked immunosorbent assays
(ELISAs).

Levels of IFN-� in DC culture supernatants were determined by a solid
sandwich ELISA (15, 28, 56), as optimized by Moraes et al. (37) and used
routinely in our laboratory. Briefly, the monoclonal antibodies K9 and F17 (PBL
Biomedical Laboratories, Piscataway, N.J.), both of the immunoglobulin G1
(IgG1) isotype (28, 56), were used as antigen capture and detecting antibodies,
respectively. The K9 antibody was used at 1 �g/ml. The F17 antibody was labeled
with biotin and used at a dilution of 1:1,000. Data are expressed as picograms of
secreted cytokine per milliliter, calculated based on standard curves prepared
with serial dilutions of recombinant porcine IFN-� (PBL Biomedical Laborato-
ries), as reported by us (37) and others (59).

IFN-� secretion by DC was determined by an antigen capture ELISA devel-
oped in our laboratory (unpublished data). Briefly, antipeptide antibodies to the
N and C termini of porcine IFN-� were prepared and purified from sera col-
lected from immunized rabbits by the manufacturer (Zymed Laboratories). The
anti-N-pIFN-� antibody was used as the capture antibody at 2 �g/ml. The
anti-C-pIFN-� antibody was labeled with biotin and used as the detecting anti-
body at 1 �g/ml. The levels of IFN-� in the DC supernatants are expressed in
arbitrary units based on a standard curve prepared by use of a recombinant
porcine IFN-� protein expressed in our laboratory by a replication-defective
adenovirus (human Ad5) expressing IFN-� in IBRS-2 cells (38). The biological
activity of this recombinant protein preparation was determined by the plaque
reduction assay described above.

Confocal microscopy. For confirmation of the expression of IFN-� by skin DC,
frozen sections of fresh and cultured skin explants and cytospin preparations of
freshly isolated and cultured DC were prepared, fixed in cold acetone, and stored
at �70°C until analysis. Cytospin preparations from FMDV-exposed DC cultures
were prepared from cells treated for the last 4 to 5 h of culture with Golgi-Plug
(Pharmingen, San Diego, Calif.).

The samples were rehydrated and blocked in a phosphate-buffered saline
solution containing 0.1% sodium azide, 0.2% bovine serum albumin, and 10%
porcine serum for 20 min at room temperature. Prepared samples were then
doubly stained with an anti-IFN-� (F17 [IgG1]) monoclonal antibody (28) and an
anti-porcine CD1 (76-7-4 [IgG2a]) or anti-SWC3 (now CD-172; 74-22-12
[IgG2b]) monoclonal antibody as previously described (59). Briefly, samples
were incubated with 5 �g of the F17 antibody/ml, washed, and then stained with
10 �g of fluorescein isothiocyanate-labeled anti-mouse IgG1/ml. The samples
were thoroughly washed and incubated with either the biotin-labeled anti-CD1
or phycoerythrin-labeled anti-SWC3 antibody. For the detection of CD1 expres-
sion, samples were further stained with allophycocyanin-labeled streptavidin
(Molecular Probes). All antibodies and conjugates were diluted in blocking
buffer, and incubations were continued for 1 h at 37°C. After the last wash with
blocking buffer containing 0.02% Tween 20, the samples were air dried and
mounted with mounting medium (KPL). All samples were analyzed in an in-
verted Leica confocal laser scanning microscope.

The specificity of staining was determined in preliminary experiments by the
use of IBRS2 cells infected with either of the recombinant adenoviruses express-
ing porcine IFN-� or IFN-� or noninfected control cells. Only the cells that had
been infected with the IFN-�-expressing adenovirus stained positively with the
F17 antibody. In addition, isotype-matched mouse IgG1 was also used to deter-
mine the background staining of the cells. The specificity of CD1 staining was
confirmed by the lack of staining of alveolar macrophages with the anti-CD1
antibody and by the minimum background fluorescence obtained in the DC with
a biotin-labeled mouse IgG2a isotype to match the anti-CD1 antibody.

RESULTS

DC are refractory to FMDV infection. Previous studies had
indicated that porcine skin DC may be susceptible to FMDV
infection and that they might play a role in viral spread (20). To

TABLE 1. Primers and probes used for real-time PCR analysis of porcine genes

Primer or probe namea Sequence (5�-3�) Concentration (nM) Accession no.

IFN-beta-11F AGTGCATCCTCCAAATCGCT 100 S41178
IFN-beta-69R GCTCATGGAAAGAGCTGTGGT 100 S41178
IFN beta-32T TCCTGATGTGTTTCTC 200 S41178

IFN-alpha-236F TGGTGCATGAGATGCTCCA 100 M28623
IFN-alpha-290R GCCGAGCCCTCTGTGCT 100 M28623
IFN-alpha-256T CAGACCTTCCAGCTCT 300 M28623

TNF apha-354F AACCCTCTGGCCCAAGGA 100 X57321
TNF apha-410R GGCGACGGGCTTATCTGA 100 X57321
TNF apha-373T TCAGATCATCGTCTCAAAC 200 X57321

18S rRNA-178F GCATTCGTATTGCGCCG 50 AF102857
18S rRNA-228R CCGTCTTGCGCCGGT 50 AF102857
18S rRNA-196T CAAGAATTTCACCTCTA 150 AF102857

a F, forward primer; R, reverse primer; T, Taqman minor binding groove FAM-labeled probe.

4840 BAUTISTA ET AL. J. VIROL.



further explore this issue, we investigated whether DC support
viral replication and yield viable virus progeny. Thus, viral
replication was determined by real-time PCR and by a plaque
assay after the exposure of cells to various FMDV strains. The
strains tested included vCRM4, which infects cells through
heparin sulfate (39, 51) and bypasses the normal requirement
for the expression of appropriate integrins, the FMDV recep-
tors, on target cells. After 1 h of virus adsorption at 37°C,
significant cell-associated viral RNA was detected in the virus-
exposed DC, ranging from 1 to 3 log10 units relative to control
cells (no virus during absorption period). Since nonadsorbed
virus was removed by a mild acid treatment prior to analysis,
these results indicated that FMDV can bind to DC and be
internalized. However, no significant increase in viral RNA
levels was detected relative to the virus input levels after an
additional 3 h of incubation (Fig. 1A). Similarly, viral progeny
were not detected in the FMDV-exposed DC culture superna-
tants after overnight culture (Fig. 1B) relative to baby hamster
kidney (BHK) cells, which support viral replication and are
used for virus propagation. This was not a result of species
differences between swine and hamsters, as O’Donnell et al.
(40) and Knowles et al. (25) have shown that swine and bovine
keratinocytes harvested from the tongue can support the rep-
lication of these and other viral isolates with the same kinetics
as BHK cells. To further confirm that DCs did not support
viral replication, we immunoprecipitated all potential viral pro-
teins from radioactively labeled and lysed cells. We did not
detect any specific viral proteins in the FMDV-exposed DC,
whereas all structural and nonstructural proteins could be de-
tected in infected BHK cells (Fig. 1C).

FMDV does not alter the expression of costimulatory mol-
ecules or antigen uptake and processing by DC. To determine
whether the immunosuppressive effect of FMDV reported in
previous studies (3) is mediated through DC, we analyzed the
effect of FMDV on the antigen-presenting functions of skin-
derived DC. Isolated DC were exposed to virulent, attenuated,
or UV-inactivated strains of FMDV in vitro and then analyzed
for antigen uptake and processing and for the level of expres-
sion of costimulatory molecules. Consistent with our previous
findings (4), freshly isolated low-density skin-derived DC from
all animals tested coexpressed the CD1 and SWC3a cell sur-
face antigens. The purity of this population ranged from 70 to
85%, based on this staining and on morphological and ultra-
structural characteristics. The percentage of cells expressing
SLA-II and the CD80/86 molecules ranged from 74 to 80%,
which was consistent with the percentage of cells that coex-
pressed the CD1 and SWC3a antigens. These cells had the
ability to uptake and process the soluble antigen DQ-ovalbu-
min, which is temperature dependent, as demonstrated by flow
cytometry analysis. Although the levels of antigen uptake and
processing by DC, based on the MFI, were variable among
animals and lower than those observed for alveolar macro-
phages or blood-derived monocytes from the same animals,
the levels of antigen processing were consistent regardless of
exposure to virulent, attenuated, or killed virus. Exposure of
the DC to FMDV did not affect antigen uptake and processing
relative to uninfected control cells (P � 0.05) (Fig. 2). In
addition, FMDV exposure had no effect on the expression of
swine major histocompatibility complex class II (SLA-II) or
the costimulatory molecules CD80/86, which were assessed

FIG. 1. Analysis of FMDV replication in DC. DC were infected
with FMDV at an MOI of 1 and cultured in complete medium for 0,
3, or 20 h. Samples of RNA were collected 0 and 3 h after virus
adsorption. Culture supernatants were collected 0 and 24 h after ad-
sorption for FMDV plaque titration. The permissive BHK cell line was
infected under the same conditions as the positive control for virus
replication. (A) Viral RNA levels measured by real-time PCR, with
18S rRNA as an internal control. The data are expressed as fold
increases in the levels of FMDV RNA over the levels obtained 0 h
after virus adsorption. (B) Standard virus plaque titrations performed
with BHK cell monolayers. The data are expressed in PFU per milli-
liter of culture supernatant. The data shown here are averages of two
different experiments. (C) Immunoprecipitation analysis of FMDV
proteins in BHK cells and DC.
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over time after virus exposure by flow cytometry. No significant
differences were observed in the percentages of positive cells
for either SLA-II or CD80/86 or in the levels of expression of
these antigens in the virus-exposed DC (P � 0.05) (data not
shown).

Innate cytokine responses of DC to FMDV. To determine
whether DC elicit an innate cytokine response to FMDV, we
measured the expression of inflammatory and anti-inflamma-
tory cytokine mRNAs by real-time PCR analysis. We first
measured relative mRNA levels in freshly isolated DC based
on the CT for each cytokine normalized to the signal from the
18S rRNA gene. The effects of virus exposure on the levels of
mRNA expression over time relative to those in freshly iso-
lated cells were then determined. Freshly isolated DC were
found to express no or barely detectable levels of IFN-� and
interleukin-12 (IL-12) p35, low levels of IFN-� and IL-12 p40,
and higher and variable levels of tumor necrosis factor alpha
(TNF-�), IL-1�, IL-1�, IL-10, and transforming growth factor
beta. After infection with the virulent FMDV strain A24 (49)
or A12-IC (47) or the attenuated virus of the same serotype
lacking the leader protease, LLA12 (8, 43), there was no sig-
nificant increase in mRNA levels of proinflammatory (IL-1�
and IL-1�) or anti-inflammatory (IL-10 and transforming
growth factor beta) cytokines or in the apoptosis-related gene
products FAS and caspase-3 (data not shown). The effects on
IL-18 and IL-12 mRNA levels were variable among pigs (Fig.
3B), whereas TNF-� was most consistently increased at low
levels in DC exposed to either the pathogenic or the attenu-
ated, leaderless FMDV virus (Fig. 3A and B). In contrast,
there was a significant upregulation of IFN-� mRNA levels in
DC exposed to FMDV (P 	 0.0001). This was true regardless
of whether the pathogenic A24 or attenuated, leaderless

LLA12 live virus was used. However, this effect was dependent
on live virus, since UV-inactivated A24 did not induce an
IFN-� mRNA response (Fig. 4, top). IFN-� mRNA expression
peaked between 4 and 6 h after exposure, and high mRNA
levels were maintained after overnight culture. The IFN-�
mRNA levels in the FMDV-exposed DC, however, were only
slightly altered relative to the no-virus control cells (Fig. 4,
bottom).

Finally, we developed an absolute quantitation assay by real-
time PCR analysis, with in vitro-generated porcine IFN-� and
IFN-� RNAs as standards, to determine the numbers of
mRNA copies of IFN-� and IFN-� in each sample relative to
input cellular RNAs. With this assay, we confirmed that freshly
isolated DC express low levels of IFN-� mRNA. However, the
number of mRNA copies for this cytokine was not significantly
altered (n 
 9 for MC, A12, and LLA12; P � 0.05) by exposure
to either the attenuated (LLA12) or the pathogenic (A12-IC)
FMDV virus (Fig. 5). In contrast, IFN-� mRNA was not de-
tected in the freshly isolated cells and in the cultured control

FIG. 2. Effect of FMDV on the ability of DC to uptake and process
antigens. DC were incubated with viruses for 2 h and tested for the
uptake and processing of self-quenched, fluorescently labeled ovalbu-
min (DQ-OVA). Green fluorescence is only detected after the protein
is ingested and degraded by DC. Each MFI, after subtracting the
background fluorescence, is expressed (as a percentage) relative to
that of the no-virus control cells (MC).

FIG. 3. Real-time PCR analysis of cytokine mRNA expression by
DC in response to in vitro FMDV exposure. (A) Kinetic analysis of
TNF-� mRNA expression by DC in response to FMDV exposure for
two independent experiments. (B) Real-time PCR analysis to confirm
the expression of proinflammatory cytokine mRNAs. Whole RNAs
were isolated, and mRNA determinations were done by real-time
PCR. The analysis was internally controlled by measuring 18S rRNA
levels. Cytokine mRNA levels for each treatment were calculated
relative to those at 0 h for the kinetic analysis shown in panel A or
relative to those in MC at 3 h for the data shown in panel B. Data are
expressed as log10 mRNA levels.
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cells (MC). After virus exposure, significantly (P 	 0.05) higher
levels were detected within 3 h (Fig. 5). The IFN-� mRNA
levels induced by LLA12 tended to be higher than those in-
duced by A12-IC in DC isolated from all animals tested, but
they were not significantly different (P � 0.05).

Expression and secretion of IFN-� and -� by DC exposed to
FMDV. To further investigate the expression of IFN-� and -�
in response to FMDV, we analyzed skin-derived DC for the
capacity to secrete biologically active IFN-� and -� proteins.
Thus, culture supernatants were analyzed for the presence of
antiviral activity. To remove any remaining input virus and to
test only for acid-resistant IFN-�/�, we treated samples at pH
2 followed by neutralization and measured the antiviral activity
by determining the reduction in the number of A12-IC plaques
in the porcine epithelial cell line IBRS2 (12). Interestingly, we
found that exposure to the pathogenic A12-IC virus did not
completely eliminate the ability of DC to synthesize and se-
crete IFN-�/�, despite the reported viral suppression of host
protein synthesis (14). However, the attenuated virus induced
significantly (P 	 0.05) higher antiviral activity by DC than the
pathogenic virus (Fig. 6A), while no antiviral activity was de-
tected in the medium control samples.

Despite the fact that IFN-� mRNA expression was not up-
regulated after exposure to FMDV, secreted IFN-� protein
was readily detected by an antigen capture ELISA (37). De-
tectable levels of IFN-� were present in supernatants of DC
exposed to either a pathogenic or attenuated virus. Consistent
with the effect of the viral leader protein, higher IFN-� levels
were detected in the LLA12-exposed DC culture supernatants
than in A12-IC-exposed DC culture supernatants (Fig. 6B). To
detect porcine IFN-�, we analyzed these samples by a semi-
quantitative antigen capture ELISA with reagents developed
in our laboratory. A standard curve was generated for a re-
combinant porcine IFN-� protein expressed in a human rep-
lication-defective adenovirus (38). Units were determined
based on the biological activity in the plaque reduction assay
for antiviral activity. We confirmed that DC express and se-
crete the IFN-� protein after exposure to both the attenuated
LLA12 virus and (although at lower levels) the pathogenic
A12-IC virus (Fig. 6C).

Constitutive expression of IFN-� by skin DC. To determine
whether the constitutive expression of IFN-� mRNA in skin
DC corresponded to constitutively expressed IFN-� protein,
we analyzed the expression of IFN-� by immunocytochemistry.
Double staining with an antibody to the DC marker S100� (4,
20, 50) and an anti-IFN-� antibody confirmed that DC consti-
tutively express the IFN-� protein in the absence of virus
exposure (data not shown). These preliminary results showed
that a large proportion of the S100�-positive cells were also
positive for IFN-�. To confirm these findings, we also analyzed
freshly isolated skin-derived DC for the coexpression of CD1
or SWC3 (CD172), markers of porcine DC (4), and IFN-� by
confocal microscopy. As shown in Fig. 7, approximately 50 to
90% of the CD1-positive cells isolated from the skin of six
different animals were positive for IFN-�. These images are
representative of at least three experiments and show that
these isolated DC constitutively expressed intracellular IFN-�
protein, which was not secreted until FMDV exposure (Fig. 6).

To determine whether the expression of IFN-� by DC was
induced during overnight culture of the skin, we also stained
frozen skin sections prepared from skin layers collected imme-
diately after euthanasia and compared these to skin layers that
were cultured overnight for DC isolation. Confocal microscopy
revealed that CD1-positive cells in freshly collected skin as well
as in cultured skin express IFN-� protein (Fig. 7). Histological

FIG. 4. Kinetic analysis of IFN-�/� mRNA induction by real-time
PCR. Isolated, skin-derived DC were incubated in the presence of
infectious FMDV, either live or UV-inactivated strain A24, an atten-
uated derivative of the A12 strain lacking the leader protease
(LLA12), or a medium control (MC). The analysis was internally
controlled by measuring 18S rRNA levels. The cytokine mRNA levels
for each treatment are expressed as log10 mRNA levels. Data are
means � standard errors (SE) of two experiments.

FIG. 5. Absolute quantitative analysis of IFN-� and IFN-� mRNA
expression. RNAs from freshly isolated DC (fresh) or DC cultured for
3 h in the absence (MC) or presence of the A12-IC or LLA12 virus
were analyzed by real-time PCR. The total cellular RNA levels used
for each sample were measured and expressed in nanograms based on
a standard curve included in each assay. The number of mRNA copies
for each cytokine was calculated based on a standard curve prepared
for each gene and included in each assay. Data are reported as means
(n 
 11) � SE.
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analyses of skin sections from the same animals used for the
study showed that the skin analyzed was normal, with no evi-
dence of any pathological condition. In addition, the animals
used for these studies were specific-pathogen-free animals who
were completely healthy with no signs of disease and had been
maintained in isolation for several weeks to 3 to 4 months.
Consequently, these data strongly indicate that IFN-� is con-
stitutively expressed by a population of porcine dendritic cells
of the skin. Importantly, these data provide an explanation for
the lack of productive replication of FMDV in the skin-derived
DC found in this study.

DISCUSSION

The study of DC biology continues to expand our knowledge
of the innate and adaptive immune responses to pathogens.
Understanding early immune responses to FMDV is critical
for the development of rapidly acting vaccines and antiviral
agents for use in response to disease outbreaks. Here we de-
scribe an important characteristic of porcine DC of the skin,
the constitutive expression of IFN-�. For the first time, our
data show that isolated DC not only constitutively express
IFN-� mRNA but also express the IFN-� protein and likely
store it in the cytoplasm. Alternatively, these cells may secrete
IFN-� and consume it as an autocrine factor which is therefore
not free in the supernatant. Virus stimulation, then, would
either induce an increase in protein production and secretion
or a downregulation of IFN-� receptor expression, releasing
the protein into the supernatant. In either case, the constitutive
expression of IFN-� protein is a characteristic of both the
migratory DC isolated from the skin of swine and DC analyzed
in situ.

Although the constitutive expression of IFN-� by normal
unstimulated skin DC is a unique finding, these data are con-
sistent with other recent studies showing an important role of
constitutively produced IFN-� in DC maturation. Such reports
make it clear that IFN-� is not only involved in but also re-
quired for DC maturation and activation processes. These
include the migration of the DC that normally occur in the skin
in vivo (30) and the spontaneous differentiation and matura-
tion of cultured human blood (30) or splenic DC progenitors,
which are mediated by autocrine IFN-� expression (36).

We previously reported (4) that DC derived from the skin of
swine have the phenotypic, ultrastructural, and functional
characteristics of mature and partially activated DC, which was
further established in the present study. In this study, we con-
firmed the expression of the important costimulatory mole-
cules SLA-II and CD80/86 and the ability of the cells to uptake
and process antigens. In addition, we found that these DC
constitutively express variable mRNA levels for proinflamma-
tory and anti-inflammatory cytokines. It has been previously
demonstrated both in vitro and in vivo that human and mouse
DC mature during the migration process through the skin (45,
57, 58, 62) and that IFN-� increases the level of migration of
human split-skin-derived DC (30). Since most of the skin DC
expressing IFN-� were located in the dermis, we hypothesize
that DC are stimulated to express IFN-� by the migration
process that naturally occurs in vivo, which is maintained in the
cultured skin of swine. An analysis of healthy unstimulated skin
from adult humans did not reveal a constitutive expression of

IFN-� (7, 29). Whether this finding is restricted to swine skin
DC requires analyses of other species of interest. However, the
constitutive expression and cytoplasmic storage of cytokines
are not without precedent. It is well established that macro-
phages express and store cytokines such as IL-1� and IL-18
(54, 55) in the cytoplasm. The molecular mechanisms regulat-
ing the secretion of the early, proinflammatory cytokines are
just starting to be understood (35). Given the increasing evi-
dence of the important role of IFN-� and in the natural dif-
ferentiation, maturation, activation (27, 30, 36), and homeosta-
sis (32, 60) of DC, it is possible that IFN-� is also involved in
the homeostatic steady state, migration, and/or maturation of
skin DC.

In addition, this study investigated the interaction of FMDV

FIG. 6. Analysis of IFN-� and -� secretion by DC. Isolated, skin-
derived DC were incubated in the presence of infectious FMDV strain
A12-IC, an attenuated derivative of the A12 strain lacking the leader
protease (LLA12), live strain A24, UV-inactivated strain A24 (A24uv),
or a medium control (MC). Culture supernatants were collected after
20 h of in vitro virus exposure and analyzed for IFN-� and -� secretion.
(A) Biological activities were determined by a 50% plaque reduction
assay of the A12-IC virus in IBRS-2 cells stimulated with acid-treated
supernatants. Activities are expressed as means (n 
 6) � SE. The
protein concentrations of IFN-� (B) and IFN-� (C) in the culture
supernatants were measured by antigen capture ELISAs. Mean levels
of IFN-� protein are expressed in picograms per milliliter, and mean
levels of IFN-� protein (n 
 6) are expressed in relative units per
milliliter.
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with skin DC in order to understand the potential role of these
cells in pathogenesis and immunity. Our data show that the
skin DC of swine are not susceptible to FMDV infection. The
inability of the virus to productively replicate in the isolated
skin DC of swine may be explained by the state of maturation
and/or activation of the cells discussed above. Previous reports
of other viral infections in DC, such as measles virus infections,
described infections of Langerhans cells and an inhibition of
cell function (21). The data from our study indicate that
FMDV exposure does not inhibit the function of DC, as virus
exposure did not significantly alter the levels of the costimu-
latory molecules or the antigen uptake and processing capa-
bility. In addition, we showed that the mRNA levels for various
pro- and anti-inflammatory cytokines or of apoptosis-related
genes of DC were also unaffected. However, our data also
show that DC are still responsive to FMDV exposure, as
clearly demonstrated by a rapid and strong activation of the
IFN-� gene, as determined by an upregulation of mRNA ex-
pression. Since only infectious live virus induced the IFN-�
mRNA response, some level of viral RNA replication may be
required to provide the double-stranded RNA stimulatory sig-
nal for either Toll-like receptor 3 (1)- or protein kinase R (16,
64)-mediated IFN-� induction. Further studies are required to

determine the molecular mechanism of FMDV-mediated in-
duction of IFN-� mRNA.

The IFN-� and -� response of DC to FMDV exposure was
not limited to mRNA expression, as we also demonstrated that
bioactive IFN-� and -� proteins were secreted upon virus ex-
posure. IFN-� and -� secretion was detected only after over-
night culture, suggesting that some level of protein synthesis
was required. FMDV replicates in target cells by inhibiting
protein synthesis and therefore blocks IFN-�/� protein expres-
sion (12). Since FMDV is highly sensitive to the action of
IFN-�/� (10–12, 37), the constitutive expression of IFN-� and
its secretion upon FMDV exposure by DC further explain the
inability of pathogenic FMDV strains to inhibit the activation
of the IFN-� gene. Furthermore, the synthesis and secretion of
IFN-� protein were also unaffected, rendering the virus unable
to productively replicate in these cells. Therefore, our data do
not support the hypothesis that DC derived from the skin of
swine have an important role in viral propagation and spread,
as previously suggested (20). The discrepancy of our data with
that report can be explained by the methodologies used. The
previous report showed that 10% of the isolated cells were
positive for FMDV antigens, as determined by immunocyto-
chemistry. These DC, which were isolated by migration from

FIG. 7. Confocal microscopy analysis of IFN-� protein expression by DC. Staining was performed to detect the expression of CD1 (red) and
IFN-� (green) by isolated DC or in situ DC in skin sections. Skin layers were collected from healthy pigs. Frozen sections were prepared from
samples collected immediately after the euthanasia of pigs (fresh skin) or after overnight culture (cultured skin) for DC isolation and were fixed
in acetone. The data shown are representative of six different experiments.
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the skin, could uptake and process antigens (4) and would stain
positively for FMDV antigens after overnight culture. The data
we present in this study also show that skin DC can bind and
internalize FMDV in the absence of any detectable productive
or nonproductive infection. By measuring the increase in viral
RNA by real-time PCR and determining the de novo viral
protein synthesis and production of virus progeny, we clearly
demonstrated that DC derived from the skin of swine do not
support the productive replication of FMDV. Rather, the
present study provides evidence that swine DC derived from
skin play an important role in the innate response to FMDV
infection.

In vivo, FMDV has developed the capacity to rapidly repli-
cate in susceptible cells such as keratinocytes (40). This allows
the virus to propagate in large numbers and to disseminate to
a new host before the innate and adaptive immune responses
can clear the virus. We have previously shown that inoculation
with a recombinant adenovirus expressing porcine IFN-� pre-
vents and controls the disease (10, 11, 37). Our understanding
of the role of skin DC now offers a biological explanation for
the effects of IFN-� on FMDV infections of livestock. Further-
more, our finding of the constitutive expression of IFN-� by
the resident DC of swine may serve as a natural model for
studying the regulation of DC maturation and migration by
IFN-� and the role of skin DC in the early, innate immune
response of skin-associated lymphoid tissues to pathogens.
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